Steroidal glucocorticoids are commonly used due to their powerful antiinflammatory activity. However, despite their excellent efficacy, severe side effects frequently limit the use of these drugs. The search for novel glucocorticoids with reduced side effects has been intensified by the discovery of new molecular details regarding the function of the glucocorticoid receptor. These new insights may pave the way for novel, safer therapies that retain the efficacy of currently prescribed steroids. (Endocrine Reviews 26: 452-464, 2005) 
I. Introduction

O UR INTEREST IN the glucocorticoid receptor (GR) was
sparked by the discovery that activation and repression are genetically separable. Mutants within the DNA binding and dimerization domain of the receptor were discovered that were unable to activate gene expression at certain genes but could still repress transcription from others (1) (2) (3) . We designed and implemented a screening effort that led to the discovery of a number of compounds that interacted directly with GR with varying degrees of selectivity. These compounds were used as starting points for medicinal chemistry optimization efforts. Derivatives were then tested in a battery of in vitro and in vivo assays to characterize both receptor selectivity [GR vs. progesterone receptor (PR), estrogen receptor (ER), etc.] and functional selectivity.
The GR pathway is well-suited to a drug discovery effort because the key target in the pathway, the GR itself, binds to and is regulated by endogenous small molecule glucocorticoids. In addition, the molecular mechanisms through which the GR acts have recently become better understood; and lastly, drugs are already on the market that target the receptor. The receptor is expressed in a wide variety of tissues, including bone (osteoblasts and osteocytes), liver, brain, T and B cells, and macrophages (4) . Cortisol in man and corticosterone in rodents are the major glucocorticoids that act through the GR to mediate numerous physiological responses (5) . The unliganded receptor is associated with chaperone proteins (heat shock proteins 70, 90, 54, and others) in an inactive state in the cytoplasm of cells (6 -9) . After interaction with hormone, the response of the GR is quite rapid and follows a well-defined signal transduction pathway (10) . Glucocorticoids bind the receptor and produce a conformational change in the receptor that results in dissociation of the heat shock proteins, nuclear translocation, and DNA binding activity. This conformational change also results in the formation of various interaction surfaces on the receptor for multiple regulatory factors required by the receptor for activation and repression of gene expression (11) . Once bound at a given gene promoter, the receptor can regulate gene expression either positively or negatively. We present our efforts to understand and utilize the GR as a target for the discovery of an improved class of antiinflammatory drugs.
II. Use of Glucocorticoids
Glucocorticoids are extremely effective antiinflammatory agents and are used to treat many autoimmune and inflammatory disorders including rheumatoid arthritis (RA). Symptoms of RA include progressive inflammation of synovial tissues with associated joint degradation, pain, and edema. Treatment with nonsteroidal antiinflammatory drugs provides pain control and some antiinflammatory activity. Patients with more severe symptoms may begin low-dose glucocorticoids. Additionally, these patients may benefit from remittive agents or disease modifying antirheumatic drugs such as methotrexate, IL-1 antagonists, or TNF inhibitors. High-dose steroid treatment is used in life-threatening conditions, but severe steroid toxicity prevents long-term use. These treatments inhibit the signs and symptoms of inflammation associated with RA (swelling, morning stiffness, and pain) but cannot reverse any structural damage that has already occurred in the joint. Steroids and nonsteroidal antiinflammatory drugs have a relatively rapid onset of action, whereas the other agents exhibit a somewhat slower response. RA patients are usually given prednisone as baseline therapy and other agents layered on top as necessary. These patients receive steroids for many years and are particularly likely to develop a number of the side effects associated with these drugs such as fat redistribution, obesity, and osteoporosis. Patients with severe asthma often use a combination of both inhaled and oral steroids in an effort to minimize side effects (12) . Steroids used in inhaled formulations are generally very potent short-lived compounds. It had been believed that these compounds have the desired effects in the lung with limited systemic impact. However, recent studies using inhaled steroids have demonstrated significant side effects, including growth retardation in children (13) and reduction of bone markers in adolescents (14) .
Immunosuppressive therapy for transplant rejection and autoimmune disorders often includes short-term high-dose steroid treatment to rapidly reduce the cell-mediated response to transplanted foreign tissue. This is typically followed by chronic lower dose steroid treatment. Glucocorticoids inhibit the immune response to transplanted tissue by several mechanisms, including both the general killing of T cells and the induction of a known immunomodulator, lipocortin. These effects are likely tied to the other antiinflammatory effects of glucocorticoids. The development of acute graft vs. host disease is a major problem associated with bone marrow transplantation. This disease often determines the success or failure of allogeneic marrow transplantation. Glucocorticoids are extremely useful in the treatment of graft vs. host disease (15) (16) (17) .
Additionally, a number of cancers, such as multiple myeloma and certain lymphomas and leukemias, respond well to combination therapies that include the glucocorticoids prednisone or dexamethasone. In these diseases, the cancer cells are killed through glucocorticoid-mediated induction of apoptosis. Thus, the impressive efficacy of steroids in the treatment of multiple diseases has made them one of the most commonly prescribed classes of drugs. Unfortunately, their utility can be severely limited by a wide spectrum of side effects.
A. Side effects associated with steroid use
The side effects of glucocorticoids have been shown to be strictly dose dependent. Thus, as the dosage is escalated to improve efficacy, the side effects also increase. In addition, some side effects are known to be age and sex-dependent. The side effects of glucocorticoid therapy show different degrees of severity, likely due to the wide variety of physiological contexts in which glucocorticoids act (18 -21) . The list of side effects from long-term steroid use is long and includes suppression of the production of endogenous glucocorticoids (adrenal suppression) and other steroids (testosterone and estrogen), dermal atrophy due to lack of remodeling of the skin, and impacts on behavior and mental state. A number of the more common side effects are detailed below.
1.
Osteoporosis. Long-term glucocorticoid treatment often results in some degree of osteoporosis. Susceptibility to fractures and the chance of aseptic necrosis of the femoral head increases within months of starting glucocorticoid therapy (18, 22) . Steroids reduce the quality of trabecular bone, resulting in an increase in fracture rate (23) (24) (25) . Detrimental bone effects have been documented in several disease settings after glucocorticoid treatment, including RA (26, 27) , chronic obstructive pulmonary disease (25) , asthma (28) , and transplantation (29, 30) . Bone loss is highest in the first 6 months of therapy, after which patients continue to lose bone, but at a slower rate. When taken off steroids, patients appear to partially regain bone (18, 23, 31) .
Muscle wasting.
Glucocorticoid-induced myopathy, resulting in decreased strength and muscle mass, likely contributes to the high fracture rate caused by steroids due to an increased likelihood of falls. The mechanism by which glucocorticoids affect muscle mass is partially due to hypogonadism observed in many patients. This is manifested as a decline in levels of the sex steroids estrogen and testosterone, two hormones that normally contribute to the maintenance of both muscle and bone mass (32, 33).
Hypertension.
Excess glucocorticoids can lead to increased blood pressure. These effects contribute to increased risk of heart-related illness and other complications. Glucocorticoids and mineralocorticoids exert effects at several different points critical for regulation of blood pressure. Glucocorticoids are in vast excess relative to mineralocorticoids in serum. Normally, the kidney is protected from the effects of these high cortisol levels through the oxidizing action of 11␤-hydroxysteroid dehydrogenase 2, a tissue-specific enzyme capable of converting cortisol to the weaker 11-ketosteroid cortisone. However, aldosterone, with an aldehyde group at C18, as well as synthetic steroids such as dexamethasone (with a 9 ␣-fluoro group) are not susceptible to this activity and have major effects directly on the kidney through both the mineralocorticoid and GRs. The effects in this tissue include increases in both transepithelial sodium transport and sodium reabsorption in the proximal tubule as a result of increased sensitivity to angiotensin II (34). A similar system may operate in brain, best characterized in the rat; 11␤-hydroxysteroid dehydrogenase 2 is expressed along with mineralocorticoid receptor (MR) in a few select areas involved in central regulation of salt, water balance, and blood pressure (35, 36). There are however areas of the brain where MR is likely unprotected and may be exposed to cortisol.
Glucocorticoid-mediated insulin resistance.
The glucocorticoid effect on glycemic control is thought to target insulin sig-naling (37-39). Glucocorticoids affect insulin-mediated increases in blood flow to muscles (40, 41), and they decrease key insulin receptor signaling molecules and increase glucose output by increasing the rate-limiting enzyme in gluconeogenesis, phosphoenol pyruvate carboxy kinase (42-44).
5.
Truncal obesity and fat redistribution. Glucocorticoids induce fat redistribution and accumulation; fat is shed from limbs and accumulates in truncal and visceral areas. Facial, supraclavicular, and posterior cervical fat depots are particularly sensitive to glucocorticoids, resulting in the moon face and buffalo hump characteristic of long-term glucocorticoid treatment. This significantly affects the quality of life for glucocorticoid-treated patients by negatively impacting their appearance and by predisposing them to obesity-related health issues.
Inhibition of wound repair.
Glucocorticoids increase the risk of infection by hindering wound healing (45). These effects are dependent on both the dose and timing of glucocorticoid administration. Glucocorticoids affect wound healing by several mechanisms. Inflammation itself is a natural and critical part of the wound healing process and as a consequence, the antiinflammatory effects of glucocorticoids are detrimental to wound repair (46). In addition, glucocorticoids inhibit both collagen synthesis and cross-linking, directly affecting the structural components of a healing wound (47, 48).
III. Mechanism of Glucocorticoid Receptor Action
Glucocorticoids can apparently diffuse freely from the blood into cells where they interact directly with the GR. The precise conformation that the receptor assumes after binding to ligand is determined by the structure of a given ligand. These structural alterations translate to changes to the surface of the receptor protein. These receptor surfaces include the DNA binding surface, which allows interaction with specific glucocorticoid response elements (GREs); the dimerization surface, which allows the GR homodimer to form; and the surface of the ligand binding domain, which, depending on its conformation, displays surfaces that can bind coactivators or corepressors (49, 50). Once associated with a particular gene, the receptor can either activate or repress transcription, depending on the factors (coactivators or corepressors) bound to the receptor. Recent discoveries involving the proteins that mediate steroid receptor transcriptional activation and repression have opened the door to novel views of steroid receptor action (51-55).
A. Transcriptional activation
During transcriptional activation, the receptor makes contact with a variety of proteins that either directly or indirectly mediate transcriptional regulation. The GR has been shown to directly contact TFIID and TFIIB and other components of the basal transcriptional machinery (56, 57) . In addition, the receptor interacts with members of the steroid receptor coactivator (SRC)/p160 family of coactivators (58, 59) . These proteins in turn interact with other protein families with histone acetylase activity (60) . Histone acetylation causes a "loosening" of the nucleosomal structure in the vicinity of the promoter and can be accompanied by other posttranscriptional modifications of histones bound nearby (e.g., methylation, phosphorylation). This more accessible promoter is now capable of interacting with transcriptional activators more readily and results in an increased rate of transcription (61) . It should be noted that there is also evidence that the GR can clear chromatin of nucleosomes without the use of acetylase-containing cofactors (62) (63) (64) (65) (66) (67) (68) . The stabilization of the transcriptional machinery through direct contact, recruitment of histone-modifying enzymes to the promoter, and the removal of existing chromatin by other means are key elements contributing to transcriptional activation.
B. Transcriptional repression
Transcriptional repression activity is central to the glucocorticoid-mediated antiinflammatory and antiproliferative effects (3, 51, 52, 69 -72) . Unlike the GR, most nonsteroidal nuclear receptors like peroxisome proliferator-activated receptor and retinoic acid receptor can interact with corepressors and repress transcription in the absence of ligand or in the presence of antagonists. These corepressors in turn have histone deacetylase activity that trims acetyl groups off nucleosomes, compacting and silencing the promoter to which unliganded nuclear receptor is bound (73) (74) (75) (76) . In contrast, repression by steroid receptors occurs only in the presence of ligand. Fundamentally, this suggests a unique mechanism of action by these proteins. In fact, numerous mechanisms for repression have been suggested. Table 1 describes some, but not all, of the different mechanisms of GR-mediated repression. Two main types involve either specific DNA binding by GR or specific protein-protein interactions by GR. This demarcation is somewhat fuzzy because, of course, the ultimate activity of GR likely depends on both protein-protein and protein-DNA interactions, but here we are referring specifically to the proximal interaction that GR undergoes to initiate the repression process. Within these interactions, several general classes of targets can be identified. These include, but are not limited to, negative GREs, kinase interactions, and corepressor interactions. The mechanism of action within each class varies significantly and ranges from effects at the level of DNA to effects on RNA polymerase and transcription factors directly. Examples for each are given, along with references. Posttranslational repression as well as other interesting mechanisms have been left off the list only because of the relatively small amount of literature available on the topic (77, 78) .
Given that repression and activation are occurring within the same cell at the same time, context must play a crucial role in determining the activity of the receptor at a specific promoter. There are examples of specific DNA sequences at which GR can either repress or activate, depending on the other transcription factors bound at the promoter (1, 53, 69) . One model of glucocorticoid repression of proinflammatory genes invokes squelching, a mechanism through which the liganded steroid receptor is capable of sopping up all of a specific coactivator in the cell and thereby preventing its use by other transcription factors [in particular nuclear factor-B (NFB) and activator protein-1 (AP-1)] (79). There are also reports that glucocorticoids can induce inhibitor of NFB (IB) (51, 52, 80, 81) . IB induction appears to be cell line dependent (2) and as such may not be a universal mechanism. There have also been descriptions of direct interactions between GR and other transcription factors resulting in repression (1, 71, (82) (83) (84) . In addition to classical GREs, two other functional types of GREs have been described. At composite GREs, both the receptor and the targeted transcription factor bind DNA side by side (1, 50). At tethering GREs, the receptor does not bind directly to the DNA but is tethered to the promoter through its interaction with transcription factors such as AP-1 or NFB (50, 85). Both AP-1 and NFB promote the transcription of proinflammatory genes. Thus, their regulation by GR is a key element in the immunoregulatory effect of steroids and appears to be mediated through several mechanisms. Direct binding between c-Jun N-terminal kinase and GR has been shown to negatively regulate AP-1 activity (86) . Alternatively, direct tethering interactions between the receptor and NFB or AP-1 at specific promoters results in decreased transcription and is presumed to result in the recruitment of a repression complex that inhibits transcription (71, 87, 88) . Once a promoter is repressed, the receptor can dissociate from that promoter and bind to and regulate another gene promoter. This is consistent with recent fluorescence quenching data measuring the residence time of the receptor on a given gene in the cell. These green fluorescent protein fusion experiments have indicated that the residence time for intracellular receptors is less than 1 sec (89). This means that some mechanism must exist that keeps a promoter repressed in the absence of receptor. Compaction of promoter nucleosomal structure could explain this phenomenon. Interestingly, recent data indicate that the corepressor in question may, in fact, be a coactivator (90, 91) . These experiments indicate that the coactivator GR-interacting protein-1 (GRIP-1)/SRC-2 is recruited to the promoter of the repressed collagenase gene by GR. They also show that there are changes in the phosphorylation state of RNA polymerase II during repression of NFB (85) . Other mechanisms have also been described that include specific TATA box occlusion by DNA-bound GR (92) . Recently, a protein mediator for repression by GR has been proposed. Thyroid receptor interacting protein 6 (TRIP6), a LIM domain-containing protein, is implicated in repression by binding to AP-1, NFB, and GR (93) . These authors suggest that repression by GR is mediated by TRIP6. TRIP6 normally functions as a coactivator for NFB, but when GR interacts, it becomes a corepressor. The current notions of how steroid receptors repress transcription suggest that the mechanism of repression may differ between genes. Clearly, transcriptional activation and repression are critical regulatory steps in mediating the physiological and pharmacological effects of glucocorticoids.
IV. Novel Glucocorticoid Receptor Ligands
The indications for a novel glucocorticoid-like agent would include the same disease targets that are currently treated by the natural glucocorticoids and their synthetic derivatives. This includes chronic inflammatory diseases such as RA, inflammatory bowel disease, and systemic lupus erythematosus as well as various blood cell cancers including acute lymphoblastic leukemia, chronic lymphoblastic leukemia, multiple myeloma, and Hodgkin's disease. A novel agent must have the same efficacy in these indications as currently administered glucocorticoids, such as dexamethasone and prednisone, but with reductions in one or more of the dose-limiting side effects described above.
Current efforts to identify novel GR ligands have resulted in a number of divergent terminologies. To prevent misunderstandings due to potentially similar terms with what we believe are different meanings, we provide our definitions of some of the key terms below:
• SGRM (selective GR modulator) (94) and SeGRA (selective GR agonist) (95) . Both SGRM and SeGRA are general class descriptors used to describe compounds with an improved therapeutic index in vivo by whatever mechanism.
• Gene-selective compound. This term refers to compounds that act on the receptor to alter gene expression in a geneor promoter-specific fashion. In other words, some A number of transcriptional repression mechanisms mediated by GR are described. These include mechanisms dependent on either GR-DNA or GR-protein interactions. Within these categories, evidence has been gathered suggesting a variety of mechanisms operating at specific gene targets. The variety of potential interactions suggests exquisite control over repression that is highly context dependent. nGRE, Negative GRE; POMC, proopiomelanocortin; JNK, c-Jun N-terminal kinase; LCoR, ligand-dependent corepressor.
genes might be activated, some might be repressed, but the resulting profile differs from that of currently used glucocorticoids (96) .
• Dissociated compound. This term is usually used to refer to a compound that "dissociates" activation from repression. Compounds in this class fail to globally activate gene expression, but still significantly repress transcription.
• Soft steroids/glucocorticoids (also known as "antedrugs").
This describes corticosteroids that act at or near the site of administration but are inactivated by enzymes, thereby reducing systemic exposure and activity. These are often described for topical and inhaled therapies that act locally but are rapidly metabolized once they enter systemic circulation (97, 98) .
A. Compounds that test the activation/repression hypothesis: dissociated glucocorticoids
Truly dissociated glucocorticoids have been a major goal for a number of groups, including ours. The first attempt at testing the activation/repression hypothesis came with the publication by Vayssiere et al. (55) wherein the authors describe several steroidal compounds that are capable of separating transcriptional activation from repression (RU24858, RU40066, and RU24782). This group was able to show significant differences between their compounds and commonly used steroids in a number of in vitro assays. These molecules retained the very efficient inhibition of both AP-1-and NFB-mediated gene induction and were strong antiinflammatory agents in vivo. However, they showed a reduction in transactivation activity on several genes. Subsequent work by Belvisi et al. (99, 100) demonstrated that although in vitro the compounds were dissociated for transcriptional activation and repression, in vivo, they still had the same side effect profile as steroids. Thus, no therapeutic advantage can be attributed to the dissociation between activation and repression using these compounds. It is unclear whether this is a problem where the compounds were dissociated in vitro, but fully activating in vivo or whether, in fact, the repression activities of these compounds were sufficient to cause both efficacy and side effects. It will be of interest to continue the analysis of these compounds for differential effects on gene regulation in vivo and in other possible side effect areas. Interestingly, compounds with the opposite profile, strong activation and weak repression, are unable to block inflammation (99) . In addition, using GR dimerization mutants that prevent activation by GR but do not affect repression, it was shown that the antiinflammatory activity of steroids was maintained. Together, these results suggest that repression may be sufficient for antiinflammatory activity (101) .
We have found that many of the compounds we originally viewed as dissociated were in fact, gene selective instead. In hindsight, this makes sense given the fact that the mechanisms of activation and repression are extremely diverse. This does not mean that these molecules are less valuable. In fact, they are extremely interesting compounds with strongly improved therapeutic indexes. They are not, however, a good test of the activation/repression model. The existence of these compounds does suggest that it is possible to achieve therapeutic benefit without complete separation between activation and repression. Vayssiere et al. (55) show separation in vitro but not in vivo. In contrast, Schacke et al. (95) demonstrate interesting separation in vivo between the nonsteroid ZK216348 and the glucocorticoids prednisolone and dexamethasone. These in vivo studies reveal significant separation using sc and topical dosing in a number of inflammation models with ZK216348. These data indicate that the compound exhibits efficacy comparable to prednisolone with reduced effects on blood glucose, tyrosine aminotransferase (TAT) enzyme induction, and skin thinning. The compound may be a useful tool to understand how to achieve selectivity in vivo, although the PR and MR antagonist activity associated with this compound must be factored into the interpretation of the data. Interestingly, this compound does not show good separation between activation and repression in vitro; this may be due to some unexplained low activity in cellular assays.
B. Activation vs. repression: true dissociation
To effectively test the activation/repression hypothesis requires a compound that truly separates all activation and repression. Unfortunately, such activity has not been shown for any molecule to date using a large number of genes. Eventually, we believe that microarray studies will likely reveal that each ligand differentially regulates gene expression. Determining the correct and most beneficial profile for a novel SGRM will require multiple iterations of the process of producing new compounds and determining the precise spectrum of their transcriptional profile.
Are truly dissociated compounds possible? Given the array of genes and the clear multitude of potential regulatory mechanisms, the likelihood of finding a compound that actually separates all activated genes from all repressed genes seems highly unlikely. It is also unclear whether such a compound would be truly desirable because activation of antiinflammatory genes may also play a role in the treatment of inflammatory diseases. Of the proposed dissociated compounds that have been published, all have been shown to differentially regulate one or sometimes two genes. This is not the same as demonstrating that the compound is dissociated on all glucocorticoid target genes. Despite these caveats, it is our belief that the activation/repression hypothesis has provided a very useful framework to find novel compounds with potential utility, and some success has already been achieved at least preclinically.
C. Avoiding the deflazacort trap
The steroid deflazacort was originally believed to have less impact than classical steroids on bone. This compound is a D ring substituted steroid otherwise similar to cortisol. The initial clinical data on deflazacort were quite encouraging and suggested decreased impact on both bone and glucose metabolism (102) (103) (104) . Multiple randomized clinical trials appeared to indicate that deflazacort indeed has less severe side effects (105). The difficulty lies in demonstrating equivalent antiinflammatory efficacy between prednisone and de-flazacort. Equivalence trials require large numbers of patients to ensure that a small but significant difference could be detected (106 -108) . Many of these clinical trials relied on the original determination of a 1:1.2 relative potency ratio described by the manufacturer (5 mg of prednisone ϭ 6 mg of deflazacort). Subsequent trials that adjusted the steroid dose to maintain equivalent antiinflammatory efficacy usually needed higher levels of deflazacort than the ratio of 1:1.2 (109). Thus, trials comparing side effects may not have used biologically equivalent doses of deflazacort. Unfortunately, at these higher doses, the advantages of deflazacort were minimized (102) .
To establish true clinical selectivity, it is important to avoid the problem encountered when deflazacort was tested by clearly demonstrating that the compound being tested can achieve full efficacy and that side effects are characterized at the fully efficacious dose or concentration. The deflazacort "trap" could occur when comparisons are made across species or across cell lines without regard for metabolic, pharmacokinetic, or receptor sequence differences.
D. Antagonists
The steroids prednisone (after conversion to prednisolone by 11␤-hydroxysteroid dehydrogenase 1 in liver) and dexamethasone are full agonists of GR, able to induce all the activities of the receptor. It is possible to prepare ligands that entirely block receptor activity by competing with endogenous ligand. Selective antagonists of GRs could be useful in treating hypercortisolemia associated with Cushing's syndrome and other conditions in which the endogenous GR is hyperactivated through either higher glucocorticoid levels or increased receptor sensitivity (110) . Other possible uses include a reduction of the immunosuppression associated with ongoing HIV infection and treatment of depression (111) and other stress-associated phenomena (112) (113) (114) . Interestingly, patients suffering from obesity and diabetes associated with syndrome X may benefit from the use of a selective glucocorticoid antagonist (115) . Antagonist activity in the liver (inhibiting gluconeogenesis), muscle (decreasing insulin resistance), and fat (reducing obesity) would all be potentially beneficial tissue activities. Receptor selectivity would be crucial to any useful GR antagonist. Currently, compounds like RU486 are available that are powerful antagonists of GR. Unfortunately, these molecules also effectively bind PRs, preventing their widespread use. In addition, tissue selectivity would be critical because the antagonist must be neutral on other critical tissues and systems such as the hypothalamic-pituitary-adrenal axis, immune system, and inflammatory response.
E. Agonists
The steroidal glucocorticoid agonists show some differences in their biological half-life and possibly brain penetration (116) , but generally the most important difference in the antiinflammatory activity of a given steroid and its side effects is directly related to its affinity for the receptor (e.g., dexamethasone Ͼ prednisolone Ͼ cortisol) (117) . The development of new and more selective steroids has been stymied by the apparent link between efficacy and side effects of this class of molecules (102) . However, the relative cross-reactivity with the MR for several of the synthetic glucocorticoids (dexamethasone and prednisolone) has improved. These newer steroids have less interaction with MR than the endogenous glucocorticoid cortisol (118) .
There is a report that the antibiotic rifampicin is a ligand and an activator for GR (119) . This does not appear to be a general phenomenon, based on our own data and other published reports (119 -124) . Although it seems likely that no direct connection between GR and rifampicin exists, it is true that both glucocorticoids and rifampicin can activate other nuclear receptors (pregnane X receptor and steroid and xenobiotic receptor) involved in the increased expression of specific cytochrome P450 enzymes, including 3A4 (125, 126) . This connection may have therapeutic consequences because these compounds may affect metabolism for each other and, consequently, the relative serum concentrations of both compounds in patients if coadministered.
V. Drug Discovery Efforts
To achieve our goal of discovering a SGRM, our initial effort was designed to identify a large number of functionally active GR ligands in a high throughput screen. By casting the widest possible net for new pharmacophores, we aimed to discover as many new and diverse structures as possible for future characterization. To this end, we established a cotransfection assay that used GR-VP16, a transcriptionally promiscuous GR, and a reporter construct that included the mouse mammary tumor virus (MMTV) promoter driving luciferase production. The GR-VP16 was constructed based upon work done with an ER-VP16 chimeric protein (127) . The authors added the VP16 acidic transcriptional activation domain to the amino terminus of wild-type ER. They demonstrated that the transcriptional activity of ER-VP16 was exclusively dependent upon DNA binding. Thus, an agonist (17␤-estradiol) and a partial agonist (4-OH tamoxifen) induced transcription from an ER-regulated promoter. We showed similar activity with the GR-VP16 construct using the antagonist RU486 (128) .
A. Discovery and characterization of a novel nonsteroidal antagonist
A compound library of approximately 100,000 chemicals was run in the GR-VP16 assay. Based upon this screen, numerous compounds capable of increasing transcriptional activity were identified. After demonstrating that the compound activity was specific to GR-VP16, we assayed the compounds in a cotransfection assay with wild-type GR and an MMTV-luciferase reporter in the presence and absence of dexamethasone to determine whether the compounds were agonists, antagonists, or partial agonists. Virtually all were antagonists. One nonsteroidal compound, AL082D06 (D06), was selected for further characterization, and this work will be described next. In addition, a nonsteroidal partial agonist was also identified. A significant amount of medicinal chemistry was applied to this lead compound to improve its pro-file. The compound resulting from this work is described in Section V.B.
The activities of D06 were characterized in detail at the molecular and cellular level (129) . Using a cotransfection assay with wild-type GR, D06 acts as an antagonist of dexamethasone not only with the MMTV promoter, but also with the 3-kb TAT promoter and less complex promoters comprised of isolated GREs. D06 binds to the GR with an affinity of approximately 200 nm but shows virtually no affinity for other steroid receptors based upon competitive binding assays. In cotransfection assays, D06 again demonstrates virtually no activity with any tested receptor other than the GR. Further characterization was performed to determine the effects of D06 in cell-based models of transcriptional activation. D06 strongly antagonizes steroid-induced transcription of both the TAT enzyme in human skin fibroblasts and glutamine synthetase RNA in MG63 bone-derived cells. Similarly, D06 is able to reverse the dexamethasone-mediated suppression of TNF␣ and IL-1␤-induced expression from the E-selectin promoter. Furthermore, unlike the antagonist RU486, but like the antagonist ZK-299, D06 does not induce DNA binding by GR in vitro and can inhibit both dexamethasone-and RU-486-induced DNA binding. The ability of these compounds to induce DNA binding in cells was further characterized using an assay that measured the ability of ligand-bound wild-type GR to inhibit the DNA binding of a constitutively active mutant of GR. In this assay, unlike either RU-486 or ZK-299, D06-bound GR does not compete with the constitutively active GR.
Thus, through a nested set of assays, we were able to identify a novel, nonsteroidal GR antagonist with future potential value in the treatment of Cushing's syndrome and its sequelae.
B. Discovery and characterization of a nonsteroidal SGRM
When we began our efforts to identify a SGRM, we, like many others, attempted to find dissociated glucocorticoids that were qualitatively different in terms of their ability to activate gene expression (undesirable) vs. transrepression activity (desirable). The basis for this hypothesis was the realization that many genes involved in metabolic pathways that lead to undesirable side effects are up-regulated, including enzymes in gluconeogenesis and lipid and muscle metabolism, whereas many proinflammatory genes (e.g., IL-1, TNF-␣, IL-6, Cox-2, and E-selectin) are repressed. As described above, up-regulation of these genes is generally through an activated receptor dimer binding to GREs within a promoter. Down-regulation is generally more complex and occurs through an indirect mechanism through which the ligand-bound GR binds to and inactivates other transcription factors such as AP-1 (1, 87) or NFB (130) . That these activities are distinct functions of the receptor was demonstrated genetically in experiments that showed that GR mutants that lack the capacity for transcriptional activation maintain their ability to repress (72) .
There are a number of examples of dissociated glucocorticoid modulators in the literature (131) (132) (133) . However, in our experience, many of these compounds do not adequately separate efficacy from side effects in vivo, and those that do have clear in vivo separation do not simply separate activation from repression, but have a more complex gene-selective action.
Due to the subtle nature of our desired endpoint, the search for novel SGRMs has led us to develop a much more complex series of assays than was required for identification and characterization of the antagonist, D06. To establish the flow scheme used in this process, an iterative series of in vitro and in vivo characterization studies was performed. Compounds were "binned" based upon their in vitro activities, including transactivation, transrepression, and cell and promoter selectivity. These assays included competitive ligand binding, cotransfection assays with wild-type GR and the MMTV promoter in a neutral cell background in both agonist and antagonist mode, induction of the TAT promoter in liver cells, and repression of cytokine-induced E-selectin promoter activation. Compounds typical of several bins were examined in vivo. This included compounds with strong or weak activity in the E-selectin repression assay with varied activity in the activation assays. As expected, strong repression in the E-selectin promoter assay correlated with antiinflammatory activity. However, both agonists and partial agonists in the MMTV cotransfection assay had antiinflammatory activity in the rat carrageenan paw edema model.
These screening activities led to the identification of numerous compounds capable of antagonizing GR-mediated activation. In addition, a small number of compounds were found that were partial agonists of GR. These also had some repression activity. One of these compounds was chosen as the scaffold for medicinal chemistry optimization. From that effort, AL-438, a compound that we determined to have binding affinity for GR virtually identical to that of prednisolone, partial agonist activity in the MMTV activation assay, and repression efficacy in the E-selectin assay equivalent to prednisolone, was synthesized and profiled in detail.
Our goal was to demonstrate that this nonsteroidal GR modulator had an improved side effect profile relative to clinically used steroids (96) .
C. In vitro characterization of AL-438
In the TAT promoter assay in the HepG2 liver cell line, AL-438 was a full agonist, despite being a partial agonist in the MMTV assay. However, when its ability to induce aromatase in human skin fibroblasts was measured, it was a partial agonist. This partial activity is probably not due to metabolism or differential uptake of AL-438 because in the same cell background in the IL-6 repression assay, AL-438 is fully efficacious. In addition, AL-438 can inhibit prednisolone-induced activation of aromatase as well as MMTV, indicating that it is binding to the receptor. We tested the crossreactivity of AL-438 for a number of nuclear receptors and found low but significant MR antagonist activity. This suggests that because 11␤-hydroxysteroid dehydrogenase type 2 does not protect MR from AL-438, there might be some detectable MR inhibition, although it has not been confirmed in vivo.
In addition to the E-selectin promoter assay performed in HepG2 cells, in which AL-438 fully repressed the IL-1␤ and TNF␣ mRNA induction, its activity in a second repression assay was also measured. In this assay, IL-6 protein in human skin fibroblasts was induced by IL-1␤, and the ability of AL-438 to suppress this expression was determined. Again, AL-438 had efficacy equal to that of prednisolone.
Finally, we examined the activity of AL-438 in an in vitro osteocalcin expression assay in the MG63 osteosarcoma cells. Because glucocorticoids may inhibit bone formation partially through repression of genes involved in bone turnover and formation, we felt that this assay might yield insight into whether AL-438 may have reduced negative effects in bone. In this assay, prednisolone suppresses osteocalcin mRNA levels approximately 5-fold, whereas AL-438 had no effect on osteocalcin mRNA levels. Furthermore, AL-438 exhibits only partial inhibition (60%) of osteoprotegerin, a bone formation marker in MG-63 cells, whereas prednisolone strongly inhibited osteoprotegerin production. These two assays in a bone cell background suggest that AL-438 may have a significantly reduced impact on bone. Based on these in vitro assays, it was gratifying to note that not only does AL-438 demonstrate selective gene activation, but also selective gene repression. We then tested how this differential regulation of both activation and repression would translate into potential therapeutic benefits in vivo (96) .
D. In vivo activity of AL-438: efficacy
AL-438 was tested in both acute and chronic models of inflammation. The carrageenan-induced paw edema assay in the rat is a standard model for acute inflammation. Rats are treated, and carrageenan is injected into the right hind paw, causing the development of acute edema. Paw volume is measured 3 h after carrageenan injection. In this model, prednisolone inhibits edema with an efficacy of 77% relative to the volume of the left hind paw that was not injected with carrageenan. In the same assay, AL-438 had an efficacy of 64%, demonstrating that it had similar activity to prednisolone in this acute inflammation assay.
To demonstrate longer term efficacy in a more stringent model that involves complex changes in both soft tissue and bone, the rat adjuvant-induced arthritis model was employed (Fig. 1A) . Glucocorticoids such as prednisolone or dexamethasone demonstrate desirable effects on joint swelling, synovitis, and periosteal new bone formation. The assay is performed by injecting the right hind paw with Freund's complete adjuvant. The effects of the injection become clearly evident at d 14 with maximal soft tissue injury but before the onset of changes in bone. At this time animals are culled and randomized, and daily treatment is initiated and continued for an additional 14 d. When left hind paw swelling is determined (the injected right hind paw cannot be used for this measurement due to substantial bone and necrotic lesions that complicate the analysis), AL-438 has an efficacy equal to that of prednisolone at 30 mg/kg⅐d, although its potency is somewhat lower (ED 50 , 9 vs. 1 mg/kg). Surprisingly, although efficacy based on reduction of paw edema was equivalent, AL-438-treated animals showed grooming behavior and overall activity equivalent to nonadjuvant-treated controls, whereas the behavior of the prednisolone-treated rats was similar to that of the vehicle-treated animals, all of which FIG. 1. Efficacy and side effects. A, Using the adjuvant-induced arthritis model, the antiinflammatory effect of both prednisolone and AL-438 was tested by measuring paw swelling. In this stringent assay, paws are injected with adjuvant 2 wk before dosing begins. After 2 wk of dosing, both compounds clearly reduce paw swelling. B, To examine the effect of prednisolone (10 mg/kg) and AL-438 (30 mg/kg) on glucose metabolism, an acute single dose assay was performed, and glucose levels were determined 8 h after dosing. In addition, both AL-438 and the GR antagonist, RU-486, were administered before dosing with prednisolone, and glucose levels were determined 8 h after the prednisolone was administered. Pred, Prednisolone; mpk, milligrams per kilogram.
exhibited signs of stress and disease, including lack of grooming and minimal activity. In other words, the behavior of AL-438-treated animals is similar to that of the healthy control animals, whereas the prednisolone-treated rats still show signs of stress. This result may be due to the more rapid onset of improvement in edema for AL-438 relative to prednisolone. The results of the acute and chronic inflammation models clearly show that AL-438 has full antiinflammatory activity despite its gene-selective activation and repression profile (96) .
E. In vivo activity of AL-438: side effects
Some of the most problematic side effects of glucocorticoid treatment include obesity, insulin resistance, diabetes, and osteoporosis. The metabolic side effects are likely due to alterations in fat and glucose metabolism, whereas the osteoporosis can be associated with the repression of genes involved in bone formation by glucocorticoids. To determine whether AL-438 had any advantage in its side effect profile relative to prednisolone, we performed assays for both glucose levels and effects on bone.
In the glucose study, fasted rats were treated with compound, and glucose levels were measured (Fig. 1B) . Prednisolone causes a clear increase in glucose at 10 mg/kg, whereas neither AL-438 (at 30 mg/kg) nor the GR antagonist, RU-486, change glucose levels relative to vehicle controls. Furthermore, predosing with either RU-486 or AL-438 was able to inhibit the increase in glucose caused by prednisolone. This antagonism of prednisolone clearly demonstrates that AL-438 is not a glucocorticoid-like agonist at this endpoint and that the differences in efficacy are not simply due to levels of exposure to the compound.
The bone assay was performed using rats treated with vehicle, prednisolone at 10 mg/kg, or AL-438 at 30 mg/kg. As in the glucose study, these levels were chosen to compensate for the slightly weaker potency of AL-438 relative to prednisolone in the inflammation assays. Mineralizing bone was labeled with calcein and tetracycline at specific times to measure bone formation rates. Prednisolone clearly reduces the cancellous mineral apposition rate measured in the tibia, whereas AL-438 had no suppressive effect. When cortical bone was examined, AL-438 was distinctly weaker than prednisolone at inhibiting the periosteal bone formation rate. These results demonstrate that at doses with equal efficacy in inflammation models, AL-438 has a distinct and improved side effect profile.
F. AL-438 mechanism of action
Evidence is mounting that selectivity among nuclear receptors is based upon changes in cofactor interactions of the ligand-bound receptor. These in turn are driven by the exact conformation of the receptor determined by the specific ligand bound. Using the ER as an example, Shang and Brown (134) elegantly demonstrated how coregulator recruitment could differentiate between the activities of the two selective ER modulators, tamoxifen and raloxifene. In this study, they show that both tamoxifen and raloxifene recruit corepressors to target gene promoters in mammary cells, where they both act as antagonists. An explanation for the different activities of the two compounds in the uterus was demonstrated in endometrial cells where tamoxifen, but not raloxifene, acts like estrogen by recruiting coactivators to a subset of genes. This difference required a high level of a specific coactivator, SRC-1, in uterine cells.
We examined GR cofactor recruitment induced by AL-438 using two cofactors: peroxisome proliferator-activated receptor-␥ coactivator-1 (PGC-1), which is involved in hepatic glucose production; and GRIP-1, which appears to play a role in GR-mediated transcriptional repression of proinflammatory genes (135, 136) . Using a two-hybrid assay, prednisolone is able to efficiently induce the interaction of GR with both PGC-1 and GRIP-1. AL-438 was able to induce the interaction with GRIP-1 with an efficacy equal to that of prednisolone, but recruited PGC-1 with an efficacy significantly reduced relative to that of prednisolone. The difference was even more striking when measured in a biochemical pull-down experiment. This result may explain the maintenance of antiinflammatory activity, whereas hyperglycemia is significantly reduced. We propose that the structural changes induced by AL-438 are different from those induced by full agonists, such as prednisolone, and that these differences are responsible for altered cofactor interactions, and thus, altered pharmacology (Fig. 2) .
G. Future directions
Based upon these efforts, we have continued to pursue optimization of AL-438-like compounds as well as related compound series. This work has led to identification of compounds with improved potency and similar if not greater efficacy. Detailed characterization of several newer com-
Mechanism of SGRM action. This figure describes one potential mechanism of SGRM activity. Here, we suggest that differential coactivator interactions affect the ability of a given ligand to alter gene expression. Because specific coactivators are presumably required for the regulation of different genes, ligands that prevent or encourage the interaction between GR and certain coactivators and corepressors compared with steroids might be expected to regulate those genes differently than steroids.
pounds has demonstrated that they maintain many of the desirable features of AL-438. In addition, more molecular characterization is under way. We believe that ongoing work examining cofactor recruitment as well as gene expression using microarray technologies will result in a significantly improved understanding of the basis for selectivity with this class of compounds in the near future.
A safer glucocorticoid should have full efficacy in antiinflammatory activity, but reduced efficacy and potency in one or more side effects. The development of new safer antiinflammatory agents that target the GR is now gaining momentum after years of work on steroids and, more recently, nonsteroidal molecules. The molecular details behind the action of the newer compounds being described may point the way to more effective assays capable of detecting novel antiinflammatory agents.
The detection of a tissue selective or a functionally selective ligand for the GR will be difficult, and there is no guarantee, once such a ligand is found, that it will have the necessary profile in vivo. However, recent reports of SGRMs with equal efficacy and improved side effect profiles compared with steroids together with molecular discoveries of the receptor mechanism of action provide fertile ground for additional efforts. Thus, despite the difficulties associated with developing a novel glucocorticoid, progress in this area would be a major benefit to the large number of patients suffering from the side effects of steroids, but needing the antiinflammatory and anticancer activity to maintain their quality of life. 
